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Abstract 
The Hermione Cyprus-type Cu-Zn deposits, Argolis, Greece, are hosted in Miocene ophiolites overlain by 
terrigenous turbidites with intercalations of limestones and manganiferous iron formations. The ore 
deposits form irregular lenticular or stratiform ore bodies, and veins. These ore bodies are associated 
with marginal volcanic activity in an arc-related Miocene palaeocontinent. Late N- to NNE-trending, 
sinistral, milky quartz-pyrite-calcite veins cut the host ophiolites. Alteration haloes of quartz-calcite, albite-
sericite-chlorite, and chalcedony-epidote-clay minerals envelop the veins or develop in the lavas as 
concentric shells. The tellurium-bearing Cu-Zn mineralization is developed in two successive stages 
followed by a supergene stage. The Co-pyrite- chalcopyrite geothermometer defined two stages of 
sulphide equilibrium: 310° to 375°C (Stage I), and 220° to 260°C (Stage II). The calculated δ180 and <5D 
compositions of the waters reflect the dominance of a magmatic component. The calculated>δ3^Η^ fluid 
values also reveal a magmatic source for the sulphur, with minor contribution from submarine sediments, 
whereas tellurium is proposed to be derived from a mafic-ultramafic source. The physicochemical 
conditions of the hydrothermal fluids in the Hermione system were T=250°-300°C, P ~ 450 bars, pH =j61 
to 530,fS2 HS aq) : = 10'11·6 to 10-12·4,fo2 = 10-35·5 to 10-38·3, logaH2S(aq) = 10'3'7 to 10'40, and loga = 
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Late N- to NNE-trending, sinistral, milky quartz-pyrite-calcite veins cut the host ophiolites. 
Alteration haloes of quartz-calcite, albite-sericite-chlorite, and chalcedony-epidote-clay minerals 
envelop the veins or develop in the lavas as concentric shells. The tellurium-bearing Cu-Zn 
mineralization is developed in two successive stages followed by a supergene stage. The Co-pyrite- 
chalcopyrite geothermometer defined two stages of sulphide equilibrium: 310° to 375°C (Stage I), 
and 220° to 260°C (Stage II). The calculated δ180  and <5D compositions of the waters reflect the 
dominance of a magmatic component. The calculated δ3̂ Η̂  fluid values also reveal a magmatic 
source for the sulphur, with minor contribution from submarine sediments, whereas tellurium is 
proposed to be derived from a mafic-ultramafic source. The physicochemical conditions of the 
hydrothermal fluids in the Hermione system were T=250°-300°C, P ~ 450 bars, pH =j61 to 530 ,fS2
HS aq) := 10'11·6 to 10-12·4,fo2 = 10-35·5 to 10-38·3, logaH2S(aq) = 10'3'7 to 10'40, and loga = 10'1 2·6 to 10-3·4
KEYWORDS: Cu-bearing pyrite, Cyprus-type ores, ophiolites, Miocene arc-related rift, 
Karakasi mines, Hermione, Argolis.
1 INTRODUCTION
The Karakasi mines at Hermione, Argolis, 
Hellas were famous for the mining of pyrite at 
the beginning of the 20th century. The produc­
tion of the mines reached up to 30,000 t, and 
was used for the production of sulphuric acid. 
Exploited Cu-bearing pyrite mineralization was 
first studied by Aronis (1951) who believed that 
the mineralization formed on or just beneath the 
ocean floor. In this study, we report the results 
of a detailed investigation of paragenetic and 
stable isotope characteristics of the mineraliza­
tion and use them to constrain the thermo­
chemical conditions of ore formation.
2 GEOLOGICAL SETTING
The geology of Hermione consists of a car­
bonate platform of Upper Triassic neritic lime-
stones (Dostal et al. 1991). This formation is 
overlain by a turbidite formation (“Shale- 
sandstone formation” of Varnavas and Panagos,
1989) , which consists of shales, cherty lime­
stones, interbedded with sandstones that are in­
tercalated with pillow lavas, iron formation and 
pyrite ores (Sideris & Skounakis 1987). This 
unit is overlain by sandstones, limited shales, 
and conglomerates. Ophiolite was tectonically 
emplaced in the turbidite and consists of mas­
sive metabasalts that are overlain by pillow 
lavas cut by diabase dykes representing the lava 
feeders (Robertson et al. 1991); and blocks of 
dunite, pyroxenite, peridotite, serpentinite, pil­
lowed lava, and thin tectonically emplaced 
massive sulphide ores (Clift & Robertson
1990) . The Hermione area is characterized by a 
conjugate system of N-trending, sinistral and 
W-trending, dextral, strike-slip faults and anti­
clines with NNE- and WNW-trending axes.
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The different rock types and mineral 
assemblages in the host ophiolites are 
summarized in Table 1. The secondary minerals 
are consistent with rock-seawater interaction at 
lower greenschist facies conditions (P ~ 2.5 
kbars and T = 200°-300°C).
Table 1. Rock types and m ineral assem blages o f 
ophiolites, H erm ione, Argolis.











Olivine, ortho-, clino-pyroxene, 
m agnetite, serpentine, quartz. 
Serpentine, olivine, ortho-, clino- 
pyroxene, m agnetite.
Labradorite, hornblende, augite, 
olivine, magnetite, ilmenite, 
biotite.
Labradorite (phenocrysts),
m etam orphosed glass (chlorite, 
epidote, calcite, quartz, albite). 
Andesine (A n40-47), biotite, 
hornblende, quartz, diospide, albite. 3
3 ORE DEPOSITS, ALTERATION, ORE 
MINERALOGY, CHEMISTRY AND 
TEXTURES
Exploration of the Karakasi mines revealed 
that the majority of the pyrite deposits occur as 
veins within the blocks of peridotites, as veins 
in the lavas, as lenses at lava tops, and as lenses 
and layers within the tuffs and tuffaceous iron 
formations overlying the lavas. A 2-6m layer of 
Fe-, Fe-Mn-, and Mg-ochre, umber and iron 
formation covers the pyrite ores. In some 
occasions the ore deposits lie directly on the 
lavas. Rarely do they occur as replacement of 
calcareous sandstones and limestones. These 
ores are attributed due to remobilization.
The diabase intrusions in the area form a 
conjugate system of NW-, WNW- and NE- 
trending dykes with widths < 50 m. Late N- to 
NNE-trending dextral veins of milky quartz, 
calcite, oligoclase (An16-18), albite, sericite and 
pyrite, with widths of > 0.5m, intrude the hosts, 
or even the ores, but mainly at the contacts with 
the ore bodies.
Alteration haloes developed around barren 
and mineralized milky quartz-calcite veins and 
at the contacts of the ore lenses with the hosts. 
They form discontinuous borders and shells. 
The alteration developed in three zones: an in­
ner milky quartz-calcite zone (> 25cm), an in­
termediate albite-sericite-chlorite zone (>
15cm) and an outer dickite-illite-smectite- 
hematite, Fe- Mn- and Cu-hydroxide zone.
The pyrite ores display two ore mineral 
stages, which are followed by a supergene stage 
consisting of covellite, idaite, limonite, 
melanterite, malachite and azurite. Stage I  is 
characterized by subhedral pyrite (pyritohedra 
up to 1.5 cm) intergrown with pyrrhotite and 
minor magnetite, Fe-rich sphalerite and 
chalcopyrite. The pyrite is intensely brecciated, 
and cemented by quartz, calcite, sphalerite and 
chalcopyrite, or it occurs as disseminations in 
veins. Pyrite contains up to 2.39 (0.05 apfu), 
0.12, 0.24, 0.56 (0.011 apfu), and 0.13 wt. % 
Cu, Zn, Co, Te and As, respectively, and traces 
of Au and Se. The high Cu contents in pyrite 
represent chalcopyrite nannoparticles and 
replacement-related chalcopyrite disease.
In Stage II, the pyrite is more intensely 
brecciated, veined, replaced and cemented by 
abundant chalcopyrite and minor galena, 
freibergite, chalcocite and marcasite (up to 0.09 
wt. % Co). Chalcopyrite contains Co up to 0.29 
and 0.19 wt. % Te (0.009 apfu), whereas 
sphalerite up to 0.39 wt. % Cd. The iron 
content of sphalerite ranges from 2.53 to 7.82 




For estimation of temperature of formation 
of Hermione ores we used the CuFeS2-FeS2- 
Co-contribution geothermometer (cobalt 
partitioning between co-existing VpIyrite and 
chalcopyrite); and of the AlVI chlorite 
geothermometer (where T is a fiction of AlVI 
and Fe(Fe+Mg) ratio) of Cathelineau (1988) for 
chlorites in equilibrium with Stage I  and II 
minerals (with Fe(Fe+Mg) = 0.85 and 0.63, and 
AlVI = 1.28 and 1.03). The geothermometrical 
results, when coupled with the ones from 
Skounakis & Sovatzoglou-Skounaki (1981), 
defined three temperature intervals for the 
deposition and equilibration of the Hermione 
ores. These intervals correspond to deformed 
(120° to 195°C) versus less-deformed- 
hydrothermal Stages I  and II (310° to 375°C 
and 220° to 260°C, respectively) pyrite ores.
Sphalerite is compositionally zoned with re­
spect to FeS, with cores containing an average 
of ~ 4 mol % FeS (with low Cu and high Cd 
contents compared to rims) and the rims con­
taining an average ~ 15 mol % FeS. The pres-
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ence of copper up to 6.45 wt.% in the sphalerite 
rims that was in contact with hexagonal pyr- 
rhotite and pyrite was not taken into account 
due to replacement of pyrite after chalcopyrite. 
Application on the sphalerite geobarometer, for 
the low-metamorphism developed sphalerite 
rims, of Hutchison & Scott (1981) yielded a 
post-depositional pressure of ~ 2.5 kbars. This 
pressure is higher than those derived from 
sphalerite hydrothermal cores in equilibrium 
with pyrite and pyrrhotite of ~ 450 bars. The 
pressure obtained from the rims reflects pres­
sures of low-grade regional metamorphism.
5 STABLE ISOTOPES STUDIES
Oxygen and hydrogen isotope compositions 
were obtained from fluids released by samples 
of chlorite and sericite spatially associated with 
sulphide mineralization, host basalts, diabase, 
and milky quartz veins. The δ1̂  and δΌ values 
derived from the host lavas range from 12.3 to 
18.7 %o and from -74.2 to -63.2 %o, respec­
tively. Average temperatures were obtained 
from the Co-pyrite-chalcopyrite geothermome­
ter were used to calculate the isotopic composi­
tion of the fluid. The calculated δ180  and δΌ 
values of the fluid in equilibrium with these 
minerals are 7.9 to 9.1 %o and -53.6 to -44.3 %o, 
respectively. The δ180  and δΌ values of fluids 
derived from milky quartz veins range from 4.2 
to 5.8 %o and -72.7 to -71.1 %o, respectively, 
yielding δ180  and δΌ values of the fluid in 
equilibrium with quartz of -4.2 to -2.8 %o and - 
55.1 to -54.2 %o, respectively.
Sulphur isotope compositions were obtained 
on samples of pyrite, chalcopyrite, sphalerite 
and galena, representing Stages I  and II. The 
δ3̂  values range from 0.1 for Stage II galena 
to 5.3 %o for Stage I  pyrite. At 250o and 300oC 
the calculated δ3 ^ ^  values for the fluid range 
from -3.1 to 1.2 %o, by application on the equa­
tions of Ohmoto & Lasaga (1982).
6 PHYSICOCHEMICAL CONDITIONS OF 
METALLIC MINERAL FORMATION
Chemical conditions of Hermione vein min­
eralization were estimated from phase stability 
relationships of the coexisting sulphides, ox­
ides, and silicates, at temperatures of 200o and 
250oC, and the pressure of vapour-saturated liq­
uid, using SUPCRT92 (Johnson et al., 1992).
Values of pH were calculated at 300o and 
250oC, for the hydrothermal sphalerite cores,
from albite-sericite equilibria (reaction 1).
KAl3Si3O1o(OH)2(s) + 6SiO2(aq) + 3Na+(aq) -  
3NaAlSi3O8(s) + 2H V d + K ^ o  (1)
Following the method of Tombros et al. 
(2007), the calculated log (aNa+/aK+) values are 
0.57 and 0.65, respectively. From these values, 
pH values of 4.1 and 5.0, respectively, are 
obtained. At 300oC, the assemblage pyrite- 
pyrrhotite-magnetite buffers the log/O2 values at 
-35.5 (Barton & Skinner 1971), whereas a 
maximum value of log/O2-  -38.3 at 250oC was 
derived for a δ3̂ ^  of 1 %o, Σδ3̂ -  0, and a 
pH of 5.0). The composition of FeS in 
Hermione sphalerite, which ranges from ~ 4 to 
~ 15 mol % FeS, at 250o and 300oC indicates a 
range of log/S2 values from -11.6 to -12.4 
(Kretschmar & Scott 1976).
2H2S(aq) + O2(g) = S2(g) + 2H2O(l) (2)
H2S(aq) = H+(aq) + HS'(aq) (3)
FeS2(s) + Cu(HS)-2(aq) = CuFeS(s) + H S ^  (4)
Utilizing reactions (2), (3) and (4)., yields 
values of logaH2S(aq) and logaHS-aq) of -3.7 and -
4.0, and -2.6 and -3.4, at 250o and 300oC, 
respectively and a value of logaFe+2/aCu(HS)'2
-  4.2.
7 DISCUSSION
The geometry, host rock and ore 
assemblages of the Hermione rocks indicate a 
formation similar to that of recent mid-ocean 
ridge black smoker ore deposits. However, the 
presence of Pb in the ores indicates 
hydrothermal leaching of more felsic rocks 
present in the volcanic pile. The ores formed at 
a maximum temperature of 310° to 375°C for 
Stage I-pyrite and between 220o and 260°C for 
Stage II ores. The ores formed at or near the 
ocean floor at pressures of 165 bars hydrostatic 
or 450 bars lithostatic, but they were 
subsequently covered by turbidite and 
equilibrated to pressures of ~ 2.5 kbars.
The calculated δ3̂ ^  values of the hydro­
thermal fluid range from -3.2 to 1.4 %o. Stage I  
shows typical magmatic δ3̂ ^  values, 
whereas Stage II reveals negative δ3̂ ^  values 
which are consistent with a minor contribution 
from the submarine sediments. The δ1̂  and 
δΌ values reflect the dominance of a magmatic
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component related to volcanic activity in an ac­
tive arc-related rift (Fig. 1). The lighter δ180  
and δΌ values of vein quartz can be attributed
to mixing with seawater, and water-rock inter­
action.
Given the presence of tellurium in hydro­
thermal exhalations derived from mid ocean 
ridge basalts, it is possible that it was derived 
from leaching of mantle-rocks and then parti­
tioned in the sulphides. Tellurium may have 
then been re-distributed in conjunction with the 
release of CO2, as suggested from the fluid in­
clusion characteristics of vein calcite.
Figure 1. H ydrogen versus oxygen isotope diagram  dis­
playing stable isotope systematics o18f  waters from  
H erm ione, Argolis. The calculated δ 0 18 and 5D w ater 
values were obtained by utiling the chlorite-w ater equa­
tion  o f  W enner & Taylor (1971); the m uscovite-water 
equations o f  O ’N eil & Taylor (1972) and Suzuoki & E p­
stein (1976), and the quartz-w ater equation o f  Clayton et 
al. (1972). D ot lines refer to “Subduction-related vapor, 
arc and crystal felsic m agm a.
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